The respiratory tract is continuously exposed to both innocuous airborne antigens and immunostimulatory molecules of microbial origin, such as LPS. At low concentrations, airborne LPS can induce a lung DC-driven Th2 cell response to harmless inhaled antigens, thereby promoting allergic asthma. However, only a small fraction of people exposed to environmental LPS develop allergic asthma. What prevents most people from mounting a lung DC-driven Th2 response upon exposure to LPS is not understood. Here we have shown that lung interstitial macrophages (IMs), a cell population with no previously described in vivo function, prevent induction of a Th2 response in mice challenged with LPS and an experimental harmless airborne antigen. IMs, but not alveolar macrophages, were found to produce high levels of IL-10 and to inhibit LPS-induced maturation and migration of DCs loaded with the experimental harmless airborne antigen in an IL-10-dependent manner. We further demonstrated that specific in vivo elimination of IMs led to overt asthmatic reactions to innocuous airborne antigens inhaled with low doses of LPS. This study has revealed a crucial role for IMs in maintaining immune homeostasis in the respiratory tract and provides an explanation for the paradox that although airborne LPS has the ability to promote the induction of Th2 responses by lung DCs, it does not provoke airway allergy under normal conditions.
Introduction
Respiratory mucosal surfaces are constantly exposed to a broad range of nonpathogenic environmental antigens. In the absence of proinflammatory signals, inhalation of harmless antigens results in immunological tolerance. Indeed, a subset of pulmonary myeloid DCs is able to produce the tolerogenic cytokine IL-10 after innocuous antigen uptake and, therefore, stimulate the development of antigen-specific Tregs (1, 2) . Similarly, lung plasmacytoid DCs protect against aberrant immune responses to inhaled antigens by inducing Tregs (3) .
Epidemiological studies have shown that ambient air contains not only inert antigens but also immunostimulatory molecules of microbial origin (4) (5) (6) (7) (8) (9) . Of particular interest is LPS (endotoxin), a cell wall component of Gram-negative bacteria that is ubiquitous in the environment (4, 5, 9) . Airborne LPS activates cells of the respiratory innate immune system, such as DCs, through CD14 and TLR4 (10, 11) . When the respiratory tract is stimulated with airborne LPS, lung DCs lose their tolerogenic properties and instead promote the development of either Th1 or Th2 cells directed against concomitant aeroantigens (11, 12) . In spite of the fact that high or very high levels of endotoxin exposure in early life protect against Th2 sensitization by enhancing Th1 immunity (13) (14) (15) , most evidence indicates that exposure to house dust endotoxin is a signifi-cant risk factor for increased asthma prevalence and severity (4, 6, 9, (15) (16) (17) (18) (19) . For example, the National Survey of Endotoxin in United States Housing has clearly demonstrated relationships between household endotoxin and diagnosed asthma, occurrence of asthma symptoms, current use of asthma medication, and wheezing (18) .
Although LPS is omnipresent in the environment and favors airway allergy, only a minority of people develops asthma. These contradictory observations imply the existence of mechanisms capable of preventing LPS-triggered Th2 responses to inhaled antigens. We report here that LPS-induced airway allergy is tightly controlled by lung interstitial macrophages (IMs), a cell population that remains largely uncharacterized. IMs can be distinguished from alveolar macrophages (AMs) by their unique capacity to inhibit lung DC maturation and migration upon LPS stimulation, thereby preventing sensitization to concomitant aeroantigens. We furthermore demonstrate that this functional paralysis of lung DCs involves IL-10 production by IMs. We conclude that in the presence of LPS, IMs, but not AMs, break the link between innate and adaptive immunity, allowing harmless inhaled antigens to escape from T cell-dependent responses. and F4/80 -CD11c + , respectively (20) . To further characterize IMs and to compare them with AMs and lung DCs, whole lungs from naive BALB/c mice were digested and stained for F4/80 and CD11c. We found that IMs were about two times less abundant than AMs (~2.1 vs. ~4.2%) and were present at a frequency similar to that of lung DCs ( Figure 1A ). Further phenotype analysis of IMs revealed that these cells express high levels of MHC class II (Figure 1A) . Indeed, MHC II expression in IMs was equivalent to that found in lung DCs and significantly higher than that observed in AMs ( Figure 1A ). Finally, we showed that AMs and IMs were all positive for the pan-macrophage marker CD68, whereas lung DCs did not express this molecule ( Figure 1A ).
To gain further insight into the localization of lung macrophage subsets, extensive bronchoalveolar lavages (BALs) were performed and BAL cells were examined for F4/80 and CD11c expression by flow cytometry. Lungs were lavaged with PBS-EDTA to dislodge strongly adherent airway cells. More than 90% of BAL cells were positive for both F4/80 and CD11c ( Figure 1B) , which is consistent with the fact that AMs express these two markers and that they are the most abundant cells found in the airway lumen (20) . Some cells displaying the phenotype of IMs (F4/80 + CD11c -) were found in the BAL fluid (BALF). However, these cells represented only approximately 0.2% of total BAL cells ( Figure 1B ). Double immunostaining of lung tissues confirmed that F4/80 + CD11cmacrophages are confined to the interstitial compartment ( Figure  1 , C-G), where they could be detected in the vicinity of lung DCs (Figure 1 , D and F). Immunohistochemistry also revealed the presence in the interstitium of some macrophages harboring the AM phenotype (F4/80 + CD11c + ) (Figure 1 , E and G). However, most F4/80 + CD11c + cells were found in the airway lumen, as expected ( Figure 1 , C and E-G). Although some DCs (F4/80 -CD11c + ) were observed in the lumen ( Figure 1C ), most of them were located in the interstitium (Figure 1 , C-G).
Macrophages, unlike DCs, have a high capacity to phagocytose but are poor inducers of T cell proliferation (21, 22) . We exam-ined these two functions in FACS-sorted IMs, AMs, and lung DCs. Phagocytosis was determined by flow cytometry evaluation of FITC-labeled dextran uptake. Although lung DCs were able to take up dextran, only IMs and AMs displayed strong phagocytic activity ( Figure 1H ). To assess their ability to induce T cell proliferation, IMs, AMs, and lung DCs were loaded with the DO11.10 chicken OVA peptide 323-339 and cultured with CD4 + T cells from DO11.10 mice (i.e., OVA 323-339 -specific, MHC II-restricted, TCR transgenic mice; ref. 23) . Figure 1I shows that lung DCs were much more effective than IMs and AMs in inducing DO11.10 T cell proliferation. As previously reported by others (24) , IMs, compared with AMs, had a lower phagocytic potential but were more effective in stimulating T cell proliferation ( Figure 1 , H and I).
IMs, but not AMs, have the capacity to prevent airway allergy induced by LPS-stimulated, OVA-pulsed DCs. Stimulation of the respiratory tract by low LPS doses enables lung DCs to induce asthmatic responses to concomitantly inhaled antigens (11) . However, only a small fraction of people exposed to environmental LPS suffer from atopic asthma, indicating that protective mechanisms exist that can counteract the pro-Th2 effects of LPS. We postulated that IMs, which are found in the vicinity of lung DCs ( Figure 1D ), might alter the function of lung DCs and therefore play a role in the control of airway allergy. The following experiments were conducted to verify this hypothesis.
Lambrecht et al. have shown that bone marrow-derived dendritic cells (BMDCs) pulsed with OVA from batches containing low quantities of LPS undergo maturation in vitro and are subsequently endowed with the capacity to induce Th2 sensitization to OVA when injected intratracheally (i.t.) (25) . As the number of DCs obtained from the lungs of mice was too small to perform largescale experiments, BMDCs were cocultured with either IMs or AMs to determine whether these macrophage subsets may impact the function of LPS-stimulated DCs. To generate BMDCs, bone marrow cells from naive BALB/c mice were cultured for 8 days in the presence of GM-CSF. As GM-CSF may alter macrophage function (26) , the BMDC culture medium was replaced on day 8 with fresh medium devoid of GM-CSF. FACS-purified AMs or IMs were then added to BMDC cultures, and cocultured cells were pulsed 1 hour later with OVA combined with low-dose LPS (OVA LPS ; 100 μg OVA and 10 ng LPS/ml; the LPS dose was analogous to levels commonly found in extracts from household dust; ref. 14) . At day 9, OVA LPS -stimulated cocultured cells (hereafter referred to as OVA LPS -BMDCs/AMs and OVA LPS -BMDCs/IMs) were collected and injected i.t. into syngeneic recipients. Unpulsed BMDCs (PBS-BMDCs) and OVA LPS -pulsed BMDCs (OVA LPS -BMDCs) were used as negative and positive controls of Th2 sensitization, respectively. Ten days after adoptive transfer, mice were challenged with OVA aerosol during a 30-minute challenge on 5 consecutive days to induce allergic airway inflammation. Twenty-four hours after the last challenge, the severity of pulmonary allergy was assessed. As expected in this model, mice that received OVA LPS -BMDCs, but not those injected with PBS-BMDCs, developed BALF and peribronchial lung tissue eosinophilia and lymphocytosis, accompanied by goblet cell hyperplasia and increased mucus production ( Figure  2 , A-C). All these inflammatory signs were strongly attenuated in mice administered OVA LPS -BMDCs/IMs, an effect not observed in mice receiving OVA LPS -BMDCs/AMs. Furthermore, serum levels of OVA-specific IgE, as well as Th2 cytokine production and T cell proliferation in mediastinal lymph nodes (MLNs), were substantially decreased in mice injected with OVA LPS -BMDCs/
Figure 1
Phenotypic and functional comparison of IMs, AMs, and lung DCs. (A) The percentage of IMs (F4/80 + CD11c -), AMs (F4/80 + CD11c + ), and DCs (F4/80 -CD11c + ) in whole lung from BALB/c mice was determined by flow cytometry. IMs, AMs, and DCs were also stained for MHC II and CD68. (B) The percentage of F4/80 + CD11c -, F4/80 + CD11c + , and F4/80 -CD11c + cells in BALF from BALB/c mice. (C-E) Lung cryosections were double stained for CD11c (blue) and F4/80 (red IMs compared with those administered either OVA LPS -BMDCs or OVA LPS -BMDC/AMs (Figure 2 , D-F). We also measured airway hyperreactivity (AHR) to nonspecific stimuli (methacholine), a cardinal feature of allergic asthma. As shown in Figure 2G , mice injected with OVA LPS -BMDCs or OVA LPS -BMDCs/AMs displayed a considerable increase in responsiveness to methacholine compared with mice receiving PBS-BMDCs, as assessed by invasive measurement of dynamic resistance in mechanically ventilated mice. By contrast, mice that received OVA LPS -BMDCs/IMs did not show hyperreactivity to methacholine ( Figure 2G ). Together, these results indicate that IMs, but not AMs, have the capacity to prevent airway allergy induced by OVA LPS -BMDCs.
Next, experiments were performed in which IMs and BMDCs were cocultured across a semipermeable membrane during stimulation with OVA LPS . In these experiments, BMDCs (hereafter referred to as OVA LPS -BMDCs IMmemb ) were injected alone into recipients, and immune responses were assessed after OVA challenge as described above. OVA LPS -BMDCs IMmemb were unable to induce significant asthmatic responses in recipient mice ( Figure  2 , A-G). This result confirms that IMs exert their effects by interfering with DC function rather than by acting directly on the adaptive immune system and demonstrates that soluble rather than membrane-bound molecules are responsible for IM actions.
In another series of experiments, BMDCs, IMs, and AMs were cocultured and pulsed with OVA LPS (OVA LPS -BMDCs/IMs/AMs) before being injected together into naive recipients. Mice that received OVA LPS -BMDCs/IMs/AMs did not develop overt asthmatic reactions after OVA challenge (Figure 2 , A-G), showing that IMs can exert their inhibitory effects in the presence of AMs.
Of note, i.t. administration of BMDCs pulsed with LPS-free OVA did not result in Th2 responses (data not shown), confirming that activation of DCs by proinflammatory mediators is required for induction of airway allergy. Finally, neither AMs nor IMs induced any inflammatory response when pulsed with LPS-free OVA or OVA LPS and injected alone into recipient mice (data not shown).
To make sure that LPS was required for inducing the immunosuppressive effects of IMs, we performed additional experiments with TLR4-deficient IMs. We observed that TLR4-deficient IMs were unable to prevent allergic sensitization induced by cocultured WT OVA LPS -BMDCs. Indeed, once reinjected into the trachea of WT recipient mice, OVA LPS -BMDCs that were cocultured with Tlr4 -/-IMs induced airway eosinophilia of the same intensity as did OVA LPS -BMDCs that were cultured alone (Supplemental Figure 1, A and B; supplemental material available online with this article; doi:10.1172/JCI39717DS1). Consistently, Tlr4 -/-IMs also did not prevent Th2 cytokine production and T cell proliferation in MLNs following i.t. injection of cocultured OVA LPS -BMDCs (Supplemental Figure 1 , C and D). These data demonstrate the importance of TLR4, and hence LPS, in promoting the immunosuppressive activity of IMs.
IMs can inhibit primary T cell activation triggered by OVA LPS -pulsed DCs. Next, we tested the effects of IMs (and AMs) on primary T cell activation induced by OVA LPS -BMDCs. To enhance the frequency of OVA-specific CD4 + T lymphocytes in vivo, naive BALB/c mice
Figure 2
IMs are able to suppress the induction of airway allergy by OVApulsed, LPS-stimulated DCs. (A-G) Naive BALB/c mice were injected i.t. with PBS-BMDCs, OVALPS-BMDCs, OVALPS-BMDCs/AMs, OVALPS-BMDCs/IMs, OVALPS-BMDCsIMmemb, or OVALPS-BMDCs/IMs/AMs. From day 10 to day 14, mice were exposed to OVA aerosols. Twentyfour hours after the last challenge, the severity of airway allergy was evaluated. (A) BALF was subjected to total and differential cell counts. were transferred with CFSE-labeled DO11.10 transgenic T cells. Twenty-four hours later, transferred mice were injected i.t. with PBS-BMDCs, OVA LPS -BMDCs, OVA LPS -BMDCs/AMs, OVA LPS -BMDCs/IMs, OVA LPS -BMDCs IMmemb , or OVA LPS -BMDCs/IMs/ AMs. Seventy-two hours after DC injection, MLNs were collected and analyzed by flow cytometry for the proliferation of CFSElabeled DO11.10 T cells. OVA LPS -BMDCs induced strong proliferation of OVA-specific T cells, whereas no cell division was observed in mice injected with PBS-BMDCs ( Figure 3A) . IMs, but not AMs, significantly, but not totally, reduced T cell expansion when injected together with OVA LPS -BMDCs ( Figure 3A ). It has to be noted that adoptive transfer of large numbers of antigen-specific T cells artificially amplified the T cell proliferative response. This may explain why the residual stimulatory activity of OVA LPS -BMDCs/ IMs observed here seems of higher magnitude than the residual inflammation developing in the lungs of mice receiving OVA LPS -BMDCs/IMs ( Figure 2 ). The inhibitory effect of IMs on OVA LPS -BMDC-induced T cell proliferation was congruently reflected in the decreased IL-4 production by OVA-restimulated MLN cells from mice that received OVA LPS -BMDCs/IMs, as compared with those from mice sensitized with either OVA LPS -BMDCs or OVA LPS -BMDCs/AMs ( Figure 3B ). IMs retained their inhibitory potential when cultured with BMDCs across a semipermeable membrane or when cultured with both BMDCs and AMs ( Figure 3 , A and B). Of note, OVA LPS -stimulated IMs and AMs neither induced significant DO11.10 proliferation nor stimulated IL-4 production in MLNs when injected alone (data not shown).
Finally, we performed experiments to determine whether IMs were able to induce the differentiation of Foxp3 + Tregs. In these experiments, DO11.10 CD4 + T cells were cultured with FACS-sorted lung DCs, IMs, or AMs; stimulated or not with OVA LPS ; and assessed for the differentiation of Foxp3 + Tregs by intracellular staining and flow cytometry analyses. Supplemental Figure 2 shows that none of the conditions tested led to the differentiation of Tregs.
These data show that IMs have the ability to suppress DC-mediated priming of Th2 cells, without inducing Tregs.
Maturation and migration of LPS-activated DCs is impaired in the presence of IMs. Additional experiments were undertaken to more precisely define the mechanisms by which IMs affect DC function. As only small numbers of DCs were required to perform these experiments, we used lung DCs rather than BMDCs. DCs stimulated with proinflammatory molecules undergo maturation, a prerequisite for induction of robust immune responses (27) . As expected, OVA LPS -DCs, compared with freshly isolated lung DCs, displayed increased expression of the maturation markers CD40, CD80, CD86, and MHC II ( Figure 4A ). Expression of MHC II by OVA LPS -DCs was substantially decreased when these cells were cocultured with either AMs or IMs, with a more pronounced effect of IMs. Furthermore, IMs, but not AMs, abrogated the increase in CD80 expression in OVA LPS -DCs. The effects of IMs on CD80 and MHC II expression and of AMs on MHC II expression by OVA LPS -DCs were statistically significant. Neither AMs nor IMs affected the levels of CD40 and CD86 expression. Thus, there were only small differences in costimulatory molecule expression between DCs cocultured with IMs and DCs cocultured with AMs, suggesting that IMs induced other, more specific DC changes. We therefore performed additional experiments to determine whether IMs also affected cytokine production by lung DCs. Figure 4B shows that OVA LPS -DCs, compared with freshly isolated lung DCs, produced much higher amounts of the immunostimulatory cytokine IL-12.
The production of IL-12 by OVA LPS -DCs decreased by about 50% when these cells were incubated with the culture supernatant of OVA LPS -stimulated IMs. This effect was specific. Indeed, the culture supernatant of OVA LPS -activated AMs had no effect on IL-12 production by DCs. These data on DC maturation suggested that IMs were able to compromise the ability of lung DCs to stimulate T cells. To investigate this possibility, we incubated OVA LPS -DCs, OVA LPS -DCs/AMs, and OVA LPS -DCs/IMs with DO11.10 T cells. We observed that, while lung DCs alone induced robust T cell proliferation and AMs only marginally reduced it, coculture of lung DCs with IMs abolished T cell proliferation ( Figure 4C ). Moreover, while DO11.10 T cells stimulated by OVA LPS -treated lung DCs expressed IL-4 and IL-5, indicative of Th2 differentiation, levels of these cytokines were significantly reduced when the DCs were cultured in the presence of IMs ( Figure 4D ). By contrast, AMs had only slight effects on Th2 cytokine production by DO11.10 T cells ( Figure 4D ). The loss of lung DC function in the presence of IMs can be explained, at least partially, by the combined effects of IMs on costimulatory molecule expression and cytokine production by DCs. However, further investigation will be required to formally identify all of the mechanisms involved in the inhibition of DC function by IMs.
We next sought to determine whether IMs could also interfere with the ability of LPS-stimulated DCs to migrate to the MLNs. OVA LPS -DCs, OVA LPS -DCs/AMs, and OVA LPS -DCs/IMs were stained with CFSE before being injected i.t. into recipients. Twentyfour hours later, MLNs were collected and assayed by flow cytometry for the percentage of CFSE-positive DCs (F4/80 -CD11c + ). As shown in Figure 4E , OVA LPS -DCs were able to reach the MLNs. However, when they were cocultured with IMs, OVA LPS -DCs lost their migratory properties, an effect not seen with AMs. This effect of IMs on DC migration was statistically significant. Finally, flow cytometry analyses revealed that neither IMs (F4/80 + CD11c -) nor AMs (F4/80 + CD11c + ) were able to migrate from peripheral tissues to MLNs following i.t. instillation (data not shown). It is interesting to note that a CD11 -CFSE lo cell population was found in the MLNs following i.t. injection of CFSE-labeled APCs ( Figure 4E ). This population most likely corresponds to resident lymph node cells that have endocytosed debris originating from dying CFSElabeled DCs. It is indeed known that mature DCs die rapidly after reaching the draining lymph nodes. As we assessed DC migration 24 hours after injection, it is probable that a fraction of the DCs died after arriving in the MLNs and before analysis.
Taken together, these results show that IMs have the capacity to significantly affect maturation and migration of LPS-activated DCs, thereby preventing DC-driven Th2 priming.
IMs exert their inhibitory effects through IL-10 production. The results presented in Figures 2 and 3 showed that soluble rather than cellassociated molecules are responsible for the effects of IMs. We therefore sought to identify these soluble factors. As it has been shown that IL-10 and TGF-β can alter DC function (28) (29) (30) , we first determined whether IMs are able to produce these immunomodulatory cytokines. IMs, AMs, and lung DCs spontaneously produced IL-10 ( Figure 5A ). This constitutive IL-10 production was 4-fold and 8-fold higher in IMs than in AMs and lung DCs, respectively. Stimulation with OVA LPS had no significant effect on IL-10 secretion by lung DCs and AMs. By contrast, OVA LPS -treated IMs produced 4-fold more IL-10 than untreated counterparts. Figure 5A also shows that lung DCs, AMs, and IMs produced only negligible amounts of TGF-β in the conditions tested. We therefore hypothe-sized that IL-10 production could account for the inhibitory effects of IMs. To verify this hypothesis, we repeated most of the coculture experiments described above with IL-10-deficient IMs. Of note, all the experiments described hereafter were performed in the C57BL/6 background. Il10 -/-IMs, compared with wild-type ones, had reduced ability to inhibit maturation and migration of OVA LPS -treated lung DCs ( Figure 5 , B-D). Furthermore, BMDCs that were cocultured with Il10 -/-IMs, unlike those that were cocultured with wildtype IMs, induced strong primary and secondary Th2 responses when pulsed with OVA LPS and injected i.t. into recipient mice (Figure 5, E-G). The intensity of these responses was similar to that measured after i.t. administration of OVA LPS -BMDCs alone. Results similar to those presented in Figure 5 were obtained when wild-type IMs and BMDCs were cocultured in the presence of neutralizing anti-IL-10 antibodies (Supplemental Figure 3) . These data show that IL-10 production by IMs contributes to functional paralysis of LPS-stimulated DCs.
IMs prevent Th2 responses to harmless inhaled antigens combined with LPS. To determine whether the observed properties of IMs were of physiological relevance, the immune responses induced by i.t. administration of OVA combined with a low LPS dose were measured in IM-depleted mice. IMs were specifically depleted by i.p. injection of anti-F4/80 antibodies (31) (32) (33) . Figure 6A shows that anti-F4/80 antibodies efficiently depleted IMs but did not target AMs. In this figure, only living cells were gated. In Figure 6B , we did not gate on living cells but considered all events. In this case, events could be detected in the quadrant of IMs (F4/80 + CD11c -) after treatment with anti-F4/80 antibodies. However, IMs displayed altered morphology (reduced side scatter, SSC), whereas AMs were unaffected. Staining of the cells with DAPI, which only penetrates dead cells, revealed extensive DAPI staining of the IMs, but not the AMs, of mice receiving depleting antibodies. As a second control to confirm selective depletion of IMs by the anti-F4/80 antibody, lung sections of isotype control- or anti-F4/80 antibody-treated mice were immunostained for the pan-macro-phage marker CD68. Preliminary FACS analysis indicated that both IMs and AMs, but not DCs, express CD68 ( Figure 1A) . These immunostaining experiments confirmed that the anti-F4/80 antibody effectively depleted macrophages located in the interstitium, without affecting macrophages in the airway lumen ( Figure 6C ). Finally, anti-F4/80 antibodies were administered i.t. to assess for their possible effects on AM viability in the case of direct exposure. As shown in Supplemental Figure 4 , i.t. instillation of the antibody did not result in depletion of AMs, although it still mildly affected IMs. This result confirms that AMs are protected from antibody-mediated lysis and that anti-F4/80 antibodies selectively deplete IMs. The protection of AMs from antibody-induced cell death might be due to insufficient amounts of complement proteins or the low abundance of cytotoxic cells in the airway lumen of healthy mice. Taken together, these data clearly demonstrate a selective effect of anti-F4/80 antibodies on IMs.
Intranasal instillation of OVA with LPS doses in the 100-ng range (11, 34) results in allergic airway inflammation. As expected from the fact that mice do not spontaneously develop airway allergy, i.t. administration of OVA with LPS doses that more closely approximated common environmental LPS concentrations (OVA LPS ; OVA: 100 μg/mouse; LPS: 10 ng/mouse) did not induce marked Th2 cell priming (Figure 7, A and B) . In contrast, inhalation of OVA LPS promoted Th2 cell differentiation and proliferation in IM-depleted mice. In another set of experiments, IMs were depleted during a first exposure to instilled OVA LPS , and the secondary immune response was assessed 10 days later following challenge with intranasal OVA. Figure 7C clearly shows that after OVA challenge, IMdepleted mice, but not control mice, developed overt eosinophilic airway inflammation. Finally, we examined the effects of IM depletion on in vivo DC migration. For that, 100 μg FITC-labeled OVA and 10 ng LPS were given i.t. to normal or IM-depleted naive BALB/c mice, and migrating lung DCs were counted in MLNs 24 hours later by flow cytometry (FITC + F4/80 -CD11c + cells). As shown in Figure 7D , the number of FITC + DCs was substantially higher (2-fold increase) in IM-depleted mice than in controls. This effect was statistically significant.
A limiting factor in the aforementioned experiments comes from the fact that off-target effects of depleting antibodies never can be ruled out. To confirm that depleting anti-F4/80 antibodies had no indirect or unspecific effects on T and B cell number and function, we first analyzed the proportions of T (CD3ε + , CD4 + , or CD8α + cells) and B (CD19 + cells) cells in the draining lymph nodes of animals treated with the depleting antibody or PBS. We did not observe any quantitative difference in T and B cell populations in the two experimental groups ( Figure 7E ). We next isolated B cells from the draining lymph nodes of both groups, stimulated them with agonist anti-CD40 antibodies, and assessed cell proliferation. We observed no difference in B cell proliferation in cells coming from mice treated with the depleting antibody compared with controls ( Figure 7F ). We performed comparable experiments with isolated T cells stimulated with anti-CD3 and anti-CD28 antibodies, with similar outcome ( Figure 7G ).
To formally prove that AMs were not required for protection against allergic sensitization in the airways, AMs were depleted using liposomal clodronate prior to primary exposure to i.t. instilled OVA LPS . Intratracheal administration of liposomal clodronate allowed specific depletion of AMs, as determined by flow cytometry (Supplemental Figure 5A ). As shown in Supplemental Figure  5B , depletion of AMs did not result in airway eosinophilia upon subsequent intranasal OVA LPS challenge, ruling out the hypothesis that AMs exert immunosuppressive effects in this model.
With due consideration for possible technical limitations, all these results strongly support that IMs, but not AMs, play a crucial role in preventing LPS-induced asthmatic responses to harmless inhaled antigens.
Discussion
LPS is ubiquitous in the environment and is found at low levels in ambient air (5, 6, 9) . Airborne LPS, at low concentrations, has the ability to promote the induction of DC-driven Th2 cell responses to harmless inhaled antigens (10, 11, 17) . However, only a minority of people exposed to environmental LPS develop allergic asthma. A unifying model reconciling these conflicting observations is still lacking. In the present report, we provide clear evidence that LPS-triggered airway allergy is tightly controlled by IMs. Indeed, IMs have the capacity to inhibit lung DC maturation and migration upon LPS stimulation, thereby preventing Th2 sensitization to concomitant inhaled antigens. Our results thus reveal a previously unknown role for IMs in regulating respiratory immune reactions and explain why the pulmonary immune system normally does not respond to harmless antigens in the presence of environmental LPS.
AMs and IMs represent the two main lung macrophage subsets. Although AMs have been extensively studied (35) , the phenotype and in vivo function of IMs have been incompletely characterized. Our findings confirm and extend previous reports that IMs are phenotypically and functionally distinct from AMs (20, 24) . First, IMs, unlike AMs, do not express the DC marker CD11c but express high levels of MHC II (20) ( Figure 1A) . Second, IMs, compared with AMs, have a lower phagocytic potential but are more efficient in stimulating T cell proliferation in vitro (24) (Figure 1 , D and E). Finally, IMs and AMs differentially affect DC function and pulmonary immune responses. It has been shown that AMs can limit the production of antigen-specific antibodies during the effector phase of pulmonary immune responses (namely, in sensitized animals exposed to aerosolized antigens; refs. [36] [37] [38] . During this phase, AMs exert their immunosuppressive effects by interfering with lung DC function (36, 39) . By contrast, it has been demonstrated by the same group that AMs do not display any suppressive or tolerogenic function during the sensitization phase of lung immune responses (namely, in naive animals exposed for the first time to innocuous inhaled antigens; ref. 37 ). Our study provides clear evidence that IMs, unlike AMs, play a crucial role in preventing the development of aberrant immune responses against harmless inhaled antigens. It is therefore possible that IMs and AMs have complementary immunosuppressive effects - IMs being able to prevent sensitization to harmless aeroantigens and AMs being capable of dampening the effector phase of lung immune responses. Another interesting point is that the suppressive properties of AMs are abrogated in the presence of proinflammatory cytokines such as GM-CSF (26). Our results further show that AMs do not display any immunoregulatory activity following stimulation with low concentrations of LPS. Indeed, LPS-treated AMs were unable to alter migratory and immunostimulatory properties of LPS-stimulated DCs. As the respiratory mucosal surfaces, and therefore AMs, are constantly exposed to low LPS doses (5, 6, 9) , our data provide an explanation for the fact that AMs are ineffective in preventing the development of pulmonary immune responses in naive mice exposed to low LPS doses and harmless inhaled antigens. It is also likely that unidentified factors are necessary to boost the immunomodulatory effects of these cells during the effector phase of lung inflammation. By contrast, our data unambiguously demonstrate that IMs are capable of preventing LPS-triggered Th2 priming through functional inhibition of lung DCs. Taken together, our results indicate that IMs are not merely the precursors of AMs as previously proposed by Blussé van Oud Alblas et al. (40) , but constitute a phenotypically and functionally distinct macrophage population that contributes to the fine-tuning of respiratory immune responses. Determining their ontological relation with AMs will require additional investigation.
Atopic asthma is mainly characterized by bronchial symptoms. Thus, it may come as a surprise that IMs, which are located in the parenchyma, may prevent the disease. Even though the effector phase of atopic asthma results in a bronchial disease, the site of allergic sensitization in the lungs still has not been formally identified. What we know is that IMs are directly exposed to instilled allergens, as evidenced by their uptake of OVA-FITC in vivo (data not shown), and are in close contact with parenchymal DCs (Figure 1, D and F) . It is also known that plasmacytoid DCs, which play a key role in preventing allergic sensitization in the airways, are located in the parenchyma (3), reinforcing the idea that parenchymal cells are key regulators of Th2 responses in the lung. All these considerations support the idea that IMs in the parenchyma inhibit allergic sensitization by resident DCs, consequently preventing the development of bronchial inflammation upon reexposure to the allergen. Whether IMs play a role during the effector phase of experimental asthma still needs to be investigated.
Our results showed that lung DCs were no longer able to produce high quantities of IL-12, a Th1 cytokine, in the presence of IMs. Reduced secretion of IL-12 by DCs usually results in skewing of the immune responses toward a Th2 phenotype (41, 42) , which was not the case in our study. In fact, it is not surprising that activation of lung DCs in the presence of IMs did not result in a Th2 bias of lung immune responses, as IMs prevented not only IL-12 production by DCs but also their membrane maturation and their migration to the lymph nodes, where presentation of the antigen would occur. Nevertheless, the function of IL-12 in pulmonary disease is still controversial. Indeed, while some reports showed that administration of recombinant IL-12 ameliorates allergic airway inflammation (43) , studies in IL-12-deficient mice showed that IL-12 deficiency does not alter the Th1/Th2 balance after secondary allergen exposure (44) . Finally, a more recent report, in which neutralizing monoclonal antibodies against IL-12 were used, proposed an aggravating effect of IL-12 during allergen exposure (45) . This shows how controversial the role of IL-12 remains and even suggests that inhibition of IL-12 production by lung DCs could be one of the mechanisms by which IMs prevent Th2 responses in the airways.
Our experiments using Il10 -/-IMs and neutralizing antibodies against IL-10 revealed an important role for this immunosuppressive cytokine in IM function. Indeed, DCs that were cocultured with Il10 -/-IMs, unlike those that were cocultured with wild-type IMs, upregulated MHC II, CD80, and IL-12 expression in response to LPS, had the ability to migrate to MLNs, and induced strong primary and secondary Th2 responses to OVA. These findings are consistent with previous reports that IL-10 not only inhibits DC maturation but also impairs the trafficking of antigen-loaded DCs from tissues to the draining lymph nodes (46) (47) (48) . It is interesting to note that DC function was not fully restored when Il10 -/-IMs were used, suggesting that other soluble factors secreted by IMs act in conjunction with IL-10 to impair DC maturation and migration. Experiments are currently underway to identify these factors. IMs were the only pulmonary APC population capable of secreting high quantities of IL-10 following LPS stimulation. AMs spontaneously produced low levels of IL-10 but failed to increase IL-10 secretion in response to LPS, a finding in agreement with previous literature (49) . It has been reported that lung DCs from mice exposed to harmless inhaled antigens transiently produce IL-10 (1). These IL-10-secreting DCs are phenotypically mature and migrate to the MLNs, where they stimulate the development of IL-10-secreting, antigen-specific Tregs (1) . Here, we show that LPS at concentrations comparable to those found in the environment is sufficient to abrogate IL-10 production by antigen-pulsed lung DCs, enabling them to promote Th2 cell differentiation rather than tolerance.
It has recently been shown that intestinal lamina propria macrophages play a crucial role in maintaining mucosal tolerance (50) . Like IMs, lamina propria macrophages are positive for F4/80 and CD11b, but negative for CD11c, and secrete high amounts of IL-10 even after stimulation with LPS. In addition, these macrophages can counteract the ability of intestinal DCs to induce immune responses. However, although lamina propria macrophages are capable of inducing the differentiation of Foxp3 + Tregs, IMs did not induce any T cell response in our in vivo experiments. The results of Denning et al. (50) , together with ours, show for the first time to our knowledge that the intestinal and respiratory tracts both contain regulatory macrophage subsets that protect against aberrant immune responses to nonpathogenic environmental antigens, even in the presence of proinflammatory stimuli. These regulatory macrophage populations, namely lamina propria macrophages and IMs, share many phenotypic and functional characteristics but differ in their ability to induce Tregs.
It has been shown that tissue macrophages may differentiate into regulatory macrophages after stimulation with various factors, including immune complexes, glucocorticoids, apoptotic cells, prostaglandins, IL-10, and adenosine (51-57). These "induced" regulatory macrophages produce high levels of IL-10 and are therefore able to suppress immune responses (52, 54, 57, 58) . Induced regulatory macrophages require two distinct stimuli to be efficiently reprogrammed and to exert their immunomodulatory activities (54, 57, 58) . The first signal (for example, immune complexes, prostaglandins, adenosine, or apoptotic cells) has little or no function on its own but primes for subsequent IL-10-dependent responses to the second signal, such as a TLR ligand. Interestingly, our results show that IMs, unlike induced regulatory macrophages, do not need to be reprogrammed to acquire regulatory functions but primarily act as regulatory cells. IMs should therefore be considered as "constitutive" or "natural" regulatory macrophages.
The respiratory tract has evolved to limit access of foreign antigens to the immune system with barriers such as the mucus layer and intercellular tight junctions. However, the respiratory mucosa is not totally impenetrable, and active mechanisms have devel-oped that suppress unwanted immune responses against harmless inhaled antigens. In the absence of proinflammatory stimuli, plasmacytoid and IL-10-producing myeloid lung DCs stimulate the development of Tregs specific for airborne antigens and, therefore, induce immune tolerance (1, 3, 59) . However, given that LPS is ubiquitous in the environment and that lung DCs lose their tolerogenic properties to become pro-Th2 APCs after stimulation with innocuous antigens combined with low LPS doses (60, 61) , it seems reasonable to suggest that induction of Tregs by lung DCs is an infrequent event. If Treg development were the normal outcome of harmless antigen encounter, MLNs would be the place of incessant Treg proliferation, which is highly improbable in view of the small size of MLNs in uninfected and unsensitized mice and the low percentage of Tregs in these lymph nodes (~5%; our unpublished observations). Here, we propose a model in which IMs paralyze lung DCs upon LPS stimulation, thereby breaking the link between innate and adaptive immunity and allowing concomitant inhaled antigens to escape from Th2 responses. Supporting this model, IM-depleted mice, but not normal mice, developed overt asthmatic reactions in response to OVA combined with low LPS doses. In our model, protection against aberrant pulmonary immune responses is explained by immunological ignorance of harmless inhaled antigens rather than by induction of Tregs. This is of pathophysiological importance. Indeed, although most of the antigens that are inhaled along with LPS are innocuous, some of them are potentially pathogenic, and it is evident that tolerating these antigens could have disastrous immunopathological consequences. However, additional experiments will be required to formally determine whether IMs paralyze all populations of lung DCs or whether they act in conjunction with tolerogenic DCs such as IL-10-producing myeloid DCs or plasmacytoid DCs (1, 3) to abrogate the development of allergic airway inflammation.
A question remaining open is how IM function is disabled in situations leading to airway sensitization. It is known that i.t. administration of high LPS doses induces allergic sensitization in mice (11) , suggesting that the immunosuppressive activity of IMs is overcome in these conditions. Further investigation will be needed to verify this hypothesis.
We further postulate that inhibition or dysfunction of IMs might contribute to the development of asthma in humans. It has been shown that infections by respiratory viruses such as the respiratory syncytial virus in early life represent an important risk factor for asthma (62, 63) . As respiratory viruses can infect pulmonary macrophages (64) , it is possible that infected IMs are no longer able to inhibit maturation and migration of lung DCs, thus favoring both the immune response to virus infection and Th2 sensitization to harmless inhaled antigens. In light of our findings, it will be interesting to determine whether the function of IMs in humans with atopic asthma is altered and whether therapeutic strategies aimed at enhancing the inhibitory properties of IMs could help control the disease.
Methods
Mice. Wild-type BALB/c and C57BL/6 mice were purchased from Harlan Nederland. Il10 -/mice (C57BL/6 background) and OVA-specific, MHC IIrestricted, TCR transgenic DO11.10 (H-2 d ; BALB/c background), and OT-II (H-2 b ; C57BL/6 background) mice were from The Jackson Laboratory. Tlr4 -/mice (C57BL/6 background) were a gift from S. Florquin (University of Amsterdam, Amsterdam, The Netherlands). All mice were housed in a specific pathogen-free facility and used at 6-10 weeks of age.
All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of Liège.
Reagents and antibodies. The DO11.10 OVA peptide (chicken OVA peptide 323-339 ISQAVHAAHAEINEAGR) was purchased from Neosystem. LPSfree OVA (EndoGrade Ovalbumin; endotoxin concentration, <1 EU/mg) was from Profos. LPS from Escherichia coli (serotype 055:B5) was purchased from Sigma-Aldrich. CFSE, DAPI, and FITC-dextran and -OVA were from Invitrogen. Methacholine was purchased from Sigma-Aldrich. Recombinant murine GM-CSF was provided by K. Thielemans (Medical School of the Vrije Universiteit Brussel).
PE-conjugated anti-F4/80 (BM8), allophycocyanin-conjugated (APCconjugated) anti-CD11c (N418) and anti-TCR Vα2 (B20.1), Pacific Blue-anti-CD4 (RM4-5), and biotinylated anti-CD19 (MB19-1) were from eBioscience. Biotinylated anti-MHC II (I-E k ) (clone 17-3-3), PE-anti-CD3ε (clone 145-2C11), and FITC-anti-CD8α (clone 53-6.7) were from BD Biosciences. FITC-conjugated anti-CD40 (3/23), anti-CD80 (RM80), and anti-CD86 (PO3) were from Serotec. Biotinylated anti-DO11.10 TCR (KJI-26) was from Caltag Laboratories. 2.4G2 Fc receptor antibodies were produced in house. APC- and FITC-streptavidin were from eBioscience. Neutralizing anti-IL-10 antibodies (JES5-2A5) were from eBioscience.
Flow cytometry. Staining reactions were performed at 4°C. Cells were incubated with 2.4G2 Fc receptor antibodies to reduce nonspecific binding.
Cell isolation. To obtain single-lung-cell suspensions, lungs were perfused with 20 ml PBS through the right ventricle, cut into small pieces, and digested for 1 hour at 37°C in 1 mg/ml collagenase A (Roche) and 0.05 mg/ml DNaseI (Roche) in HBSS. IMs, AMs, and lung DCs were sorted by flow cytometry (FACSAria) based on their differential F4/80/CD11c expression. DO11.10 CD4 + T cells were isolated using magnetic bead purification (CD4 + T Cell Isolation Kit 130-090-860; Miltenyi Biotec). Isolated cells were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM l-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 50 μM β-mercaptoethanol, 50 μg/ml streptomycin, and 50 IU/ml penicillin (all from Invitrogen).
BAL and cytology. The trachea was catheterized, and the lungs were lavaged with 1 ml of ice-cold Mg- and Ca-free PBS containing 0.6 mM EDTA. The lavage procedure in Figure 1B was repeated 10 times. Cell density in BALF was assessed by the use of a hemocytometer. Cell differentials were performed on cytospin preparations stained with Diff-Quick (Dade Behring).
Immunohistochemistry. Lungs from naive BALB/c mice were inflated with Tissue-Tek OCT compound (Sakura Finetek) through the trachea, removed from the pulmonary cavity, embedded in Tissue-Tek, and snapfrozen in liquid nitrogen. Tissues were stored at -80°C. Frozen sections of lung tissues (5 μm) were fixed in ice-cold ethanol. Sections were rehydrated in phosphate-buffered saline for 5 minutes, followed by treatment for 30 minutes with blocking reagent (1% in PBS; BoehringerMannheim) to saturate the sites of nonspecific reactions. The slides were then incubated with biotinylated anti-F4/80 Abs (CI:A3-1; Abd Serotec) for 1 hour (10 μg/ml in 0.5% PBS-blocking reagent). They were rinsed in buffer and treated with the avidin-biotin-complex-HRP (ABC-HRP) reagent for 30 minutes. After rinsing, the slides were stained with the HRP substrate NovaRed. Thereafter, the excess of biotin from the first antibodies was blocked using avidin-biotin blocking kit. Then, biotinylated anti-CD11c Abs (HL3; BD Biosciences) (10 μg/ml in 0.5% PBS-blocking reagent) were applied for 1 hour. After rinsing, the sections were treated again with ABC-HRP, followed by development with Vector SG (Vector Laboratories). Slides were dehydrated with alcohol, cleared, and mounted with Vectamount (Vector Laboratories). In some experiments, the ABC-HRP reagent was replaced by ABC-alkaline phosphatase (ABC-AP) reagent. In this case, the slides were stained with the AP substrate Vector Red (Vector Laboratories). Levamisole was used to inactivate endogenous AP.
The same protocol was used when lung cryosections were stained for CD68 (FA-11antibody; Serotec), except that 0.2% Tween-20 was added to the blocking reagent in order to permeabilize cell membranes.
Phagocytic activity. IMs, AMs, and lung DCs (1 × 10 6 cells/well) were cultured in the presence of 1 mg/ml FITC-labeled dextran (40,000 kDa; Molecular Probes, Invitrogen) for 45 minutes. As a control for nonspecific dextran attachment, 0.02% sodium azide was added. To determine phagocytic activity, the uptake of FITC-labeled dextran was measured by flow cytometry.
In vitro proliferation assay. Isolated IMs, AMs, and lung DCs (1 × 10 4 or 4 × 10 4 cells/well) were incubated with the DO11.10 OVA peptide (50 μg/ ml) and kept at 4°C for 90 minutes. Loaded APCs were then cocultured for 3 days with 2 × 10 5 DO11.10 CD4 + T cells. Proliferation of DO11.10 T cells was measured as [ 3 H]thymidine incorporation during the last 16 hours of the 3-day culture.
Th2 sensitization induced by i.t. administration of LPS-stimulated, OVA-pulsed BMDCs. To generate BMDCs, bone marrow cells from naive mice were grown in medium containing 20 ng/ml recombinant murine GM-CSF (65) . At day 8, the culture medium was replaced with medium devoid of GM-CSF. One hour later, BMDCs were pulsed with 100 μg/ml LPS-free OVA and concomitantly stimulated with 10 ng/ml LPS (namely, an LPS dose analogous to those commonly found in extracts from household dust; ref. 14) . In some experiments, BMDCs were only pulsed with LPSfree OVA. Control BMDCs were left unpulsed and unstimulated. At day 9, cells were collected, washed, and resuspended in PBS. Cells (10 6 ) were then injected i.t. into anesthetized naive recipients. Ten days after i.t. immunization, mice were challenged with OVA (1% wt/vol in PBS; grade III; Sigma-Aldrich) aerosol during a daily 30-minute challenge on 5 consecutive days. Twenty-four hours after the last challenge, AHR was measured, the mice were killed, and airway allergy was evaluated.
Cocultures. FACS-sorted IMs and/or AMs were added to BMDC cultures at day 8, 1 hour before stimulation with OVALPS. Cells were cocultured at a ratio of 1:1 (BMDCs/IMs), 1:2 (BMDCs/AMs), or 1:1:2 (BMDCs/IMs/AMs). These proportions were chosen based on our observation that AMs are 2 times more abundant than IMs and DCs in the lung (Figure 1A) . At day 9, 1 × 10 6 IMs and/or 2 × 10 6 AMs were injected i.t. together with 1 × 10 6 BMDCs. In some experiments, IMs were cocultured with BMDCs across a semipermeable membrane (cell culture insert, 1.0-μm pore size; BD Biosciences).
Lung histology. Lungs were fixed in 10% formalin, paraffin embedded, cut in 5-μm sections, and stained with hematoxylin and eosin. Intracytoplasmic and luminal mucin was assessed by PAS stains.
Determination of serum levels of OVA-specific IgE. OVA-specific IgE levels were measured by ELISA. Briefly, 96-well plates (ELISA plate; Microlon; Greiner Bio One) were coated with rat anti-mouse IgE. After addition of serum samples, biotinylated OVA (203112; Calbiochem) was added to individual wells, and its binding was detected with peroxydase-conjugated streptavidin (43-4323; Invitrogen). A serum pool from OVA-sensitized animals was used as internal laboratory standard; 1 U was arbitrarily defined as 1:50 dilution of this pool.
Restimulation of MLN cells. MLN cells (2 × 10 5 cells in a 96-well plate) were cultured in Click's medium supplemented with 0.5% heat-inactivated mouse serum and additives, with or without OVA (50 μg/ml; grade V; Sigma-Aldrich). The proliferation was measured as [ 3 H]thymidine incorporation during the last 16 hours of a 3-day culture. Culture supernatants were assayed for IL-4, IL-5, IL-13, and IFN-γ by ELISA (Biosource).
Measurement of AHR. Mice were anesthetized by i.p. injection (200 μl) of a mixture of ketamine (10 mg/ml; Merial) and xylazine (1 mg/ml; VMD). A tracheotomy was performed by insertion of a 20-gauge polyethylene catheter into the trachea. A ligature was performed around the catheter to avoid leaks and disconnections. Mice were ventilated with a flexiVent small animal ventilator (SCIREQ) at a frequency of 450 breaths per minute and a tidal volume of 10 ml/kg. A positive end-expiratory pressure was set at 2 hectopascal. Measurement started after 2 minutes of mechanical ventilation. A sinusoidal 1-Hz oscillation was then applied to the tracheal tube and allowed a calculation of dynamic resistance, elastance, and compliance of the airway by multiple linear regressions. After measurement of baseline lung function, mice were exposed to a saline aerosol (PBS) followed by aerosols containing increasing doses (3, 6, 9, 12 g/l) of methacholine. Aerosols were generated via use of an ultrasonic nebulizer (SCIREQ) and delivered to the inspiratory line of the flexiVent using a bias flow of medical air according to the manufacturer's instructions. Each aerosol was delivered for 10 seconds and periods of measurement as described above were made at 1-minute intervals after each aerosol. Dynamic resistance was the main parameter measured during the challenge (66) .
Assessment of primary T cell activation. On day -1, mice received an i.v. injection of CFSE-labeled DO11.10 cells (equivalent of 10 × 10 6 transgenic T cells). On day 0, mice were injected i.t. with either PBS-BMDCs, OVALPS-BMDCs, OVALPS-BMDCs/AMs, OVALPS-BMDCs/IMs, OVALPS-BMDCsIMmemb, or OVALPS-BMDCs/IMs/AMs as described above. On day 3, T cell responses in MLNs were analyzed by observing CFSE division profiles of live KJ1-26 + CD4 + T cells. The division index was used to quantify T cell division. The division index is the average number of divisions that a cell (present in the starting population) has undergone. This index was calculated using Flow-Jo software (Tree Star). Production of IL-4 and IL-5 by OVA-restimulated MLN cells was measured as described above. In some experiments, IMs from IL-10-deficient mice were used. As Il10 -/mice were generated in the C57BL/6 background, CFSE-labeled OT-II cells were used rather than DO11.10 cells. In this case, T cell responses in MLNs were analyzed by observing CFSE division profiles of live TCR Vα2 + CD4 + T cells.
CFSE labeling. Splenic and lymph node cells from DO11.10 mice (5 × 10 7 cells/ml) were incubated with CFSE (0.5 μM in PBS) for 10 minutes at 37°C. Cells were washed in PBS containing 10% FCS and then in PBS and injected i.v.
Intracellular staining. For analysis of IL-12 production by DCs, FACSsorted lung DCs were placed in fresh RPMI medium (see above) or in the culture supernatant of OVALPS-stimulated IMs or AMs (16-hour stimulation). Cells were then treated with OVALPS (100 μg/ml LPS-free OVA and 10 ng/ml LPS) for 2 hours and incubated with Brefeldin A (GolgiPlug; BD Biosciences) for an additional 5 hours. Freshly isolated lung DCs were used as controls. Cells were fixed and permeabilized with BD Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Biosciences) and stained intracellularly with an APC-conjugated anti-IL-12p40 antibody (C15.6; BD Biosciences). Isotype control (APC Rat IgG1) was from BD Biosciences. Flow cytometry was performed with a FACScanto (BD Biosciences).
For evaluation of CD68 expression by pulmonary APCs, FACS-sorted lung DCs, IMs, and AMs were fixed and permeabilized as described above and stained intracellularly with an FITC-labeled anti-CD68 antibody (FA-11; Serotec). Isotype control (FITC Rat IgG2a) was from BD Biosciences.
The Mouse Regulatory T Cell Staining Kit (eBioscience) was used to determine the percentage of Foxp3 + T cells among the CD4 + KJI-26 + DO11.10 T cell population.
Stimulation of OVA-specific CD4 + T cells by OVALPS-DCs, OVALPS-DCs/AMs, or OVALPS-DCs/IMs. FACS-sorted lung DCs (2 × 10 4 cells) from naive BALB/c mice were stimulated for 16 hours with OVALPS (100 μg/ml LPS-free OVA and 10 ng/ml LPS) in the presence or absence of AMs (4 × 10 4 cells) or IMs (2 × 10 4 cells). APCs were then extensively washed, irradiated, and cocultured for 72 hours with freshly isolated DO11.10 CD4 + T cells (2 × 10 5 cells). Unpulsed DCs were used as controls. The proliferation of DO11.10 CD4 + T cells was measured as [ 3 H]thymidine incorporation during the last 16 hours of the 72-hour culture. Culture supernatants were assayed for IL-4 and IL-5 by ELISA (Biosource).
